AD-A136 043  OPEN WATER AND T—HIN ICE DETECTION IN THE ARCTIC 1/ 1
MARGINAL ICE ZONE USING R..{U) NAVAL OCEAN RESEARCH AND
DEVELOPMENT ACTIVITY NSTL STATION MS.. C J RADL ET AL.

UNCLUASSIFIED MAR 83 NORDA-TN-209 F

/G 8/3
END
e
| 84
omic

NL




e i

32
il

o
=l

ll= B

;rrrrrrFF

i2s flis e

MICROCOPY RESOLUTION TEST CHART
NETHONAL BUREAL O STaANDARD e s 4




—

ol Godd pud ool God Gy S G ) P IS OGN BN U TED WP TED wes =ae

NORDA Technical Note 209

Y3

Naval Ocean Research and
Q) Development Activity / ?)

NSTL Station, Mississippi 39529
\15 Ay

Open Water and Thin Ice Detection
in the Arctic Marginal Ice Zone Using
Reflectometer Signal Analysis

Charles J. Radl
James P. Welsh

Polar Oceanography Division
Ocean Science and Technology Laboratory

March 1983

OTIE FILE copy

33 T o1




AR e e s

ABSTRACT :

— >~ Approximately 2000 kilometers (~1250 statute miles) !
"of reflectometer data collected within 160 kilometers
(100 statute miles) of the ice edge in the North |
American Arctic were analyzed. The reflectometer sig- o
nal, which shows a sharp decrease in areas of open :
water/thin ice, was used to initiate and develop a
method to begin an evaluation of the frequency of _
occurrence and percentage of open water from the ice i
edge to approximately 160 kilometers (100 statute
miles). Comparisons were made within and among
regional data sets. Individual regions were not unam-
biguously identifiable by lead width and frequency
characteristics. Distance into the pack from the ice
edge did not have a direct relationship to the fre-
guency or percentage of open water. The result of no
apparent relationship between the frequency of occur-
rence and percent of area of open water may be due to
the restricted samples--restricted in season and
total area covered. !
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OPEN WATER AND THIN ICk DETECTION IN THL

ARCTIC MARGINAL ICE ZONE

USING REFLECTOMETER SIGNAL ANALYSIS

INTRODUCTION

The extent of Arctic ice coverage ranges from a sumner
average minimum of 5.2 million km2 to a winter average maxi-
mum of 11.7 million km2 (Wittman, 1959). The precise extent
of the lice edge at any time is a result of previous meteoro-
logical and oceanographic conagitions. In the course of its
southward growth ana drift durinj wiater .nontns tne outer mar-
gin of the Arctic pack eventually merges with sheets of new
fast ice yrowiny seawara from the coastlines, enainj surtace
navigzation for all ships except icebreaker assisted operation.
These operations are primarily along tne ftrinje ot the pack
with limitation of mobility increasing with pack penetration.
From October to June the Arctic Ocean reamains virtually ice-
locked; however, rides, winds, and currents can produce areas
of open water within tne pack and alony the marginal ice zone
at any time,

The purpose of this investigation is to develop a methoa
and to begin an evaluarion of the freguency and percentayge of
open water from the ice edyge to approximately 100 miles into
the pack.

Open water associated with the ice eage can be placed 1in
one of five cartegories., A crack 13 a small unnavigable break
caused by tides, temperature chanje, current, or wind. A leada
is a long narrow navigable water passajge in pack 1ice and a
polynya 1s any sizable sea water area, other than a leau,
encompassed by sea ice. A bay is a minor, with a bight a major
inward bend of the ic2 edge or ice limit formed either by wina
or current. Because of the fine resolurtion obtainable in tnis
study (15 meters), a crack, lead, and polynya will pe con-
tained in one category with a pay or Dbiygnt being regardea as
the ica edge. Average ice limits were plotted relating to tne
year and season of data collection and areas of open water
were analyzed from the ic2 edyge tOo approximately 100 miles
into the pack. Seasonal ice limits have been estimated out for
increased precision the reader 1s directed to tnhne kastern-
Wwestern Arctic Sea Ice Analysis annually preparea py the waval
Polar Oceanography Center (NPOC), S3Suitlana, Ma., wnich was
used in this study.

Satellite data interpretation over the Arctic regions
shows major areas of open water, but the low resolution limits
spatial detection. Thus, precise percentages of water witnin
the pack are difticult to obtain hy this method.




The two types of data combined for this study are aerial
photography and reflectometer signal analysis in conjunction
with a laser profilometer. The data has been collected over
the Arctic pack ice on an opportunity basis since 1970 using
RC-8 and RC-10 aerial cameras and a Spectra Physics Geodolite
3A laser terrain profiling system, which uses a modulated con-
tinuous wave laser technique to obtain 3 precise measurement
of instrument height above the surface. Details of laser
analysis and a description of the system can be found in
Ketchum (1971) and Welsh and Tucksr (1971).

The laser signal is stored on magnetic tapes and is used
to classify dynamic ice parameters such as surface roughness,
ridge height distribution and frequency, and power spectral
density, as well as for input to and refinement of various ice
prediction models of the Arctic.

Three other signals are cecorded on coincident channels
to compliment 1laser data, which are time code, phase 1lock
fail, and reflectometer. When the time code record is corre-
lated with the aircraft navigation logs, accurate track lines
are reconstructed. The reflectometer channel records the meas-
ured millivolt change in light intensity, which is the total
of the laser lignht and the sunlight reflection passing through
a 3 angstrom optical filter centered on 6328 angstroms. Open
watsr is seen as a sharp decrease in the reflected laser light
intensity {(Fig. 1) (Wilh=zit, Nordberqg, and others, 1972). This
figure will be discussed in detail in the later section on
Jdata analysis. The reflectometer signal is "noncalihrated;"
therefore, all measurements are relative to sucrrounding
values. The phase 1lock fail channel iadicates loss of laser
signal caused by environmental conditions, i.e., clouds. This
signal can be used as a check to insure that the laser record
has not heen geographically distorted by environmental condi-
tions. A detailed description of the laser data reduction
process written and utilized at NORDA (Naval Ocean Research
and Development Activity) can be found in Lohanick (1981).

DATA ANALYSIS

The scelected magnetic analog tape containing the chosen
data track is played on an Ampex FY-1300 tape recorder through
an HP2240A (analog/digital converter). The analog voltages are
then digitized to make them compatible for reading by the
HP28458 (tabletnp computer). The data is stored on flexible
discs driven by an HP9885M (flexible disc drive) for manipula-
tion, and a plot of the data is generated for analysis.

The preliminary stage of this investigation involved
matching aerial photography with the plots of the ra2flectom-
eter signal to> determine the relative change of signal inten-
sity with ice thickness. A distinctive drop in signal strenjth
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occurred in areas of open water and thin ice. Thin ice, for
the purpose of this study is defined as <30 cm. As shown in
Figure 1, the change and variation in signal intensity is a
direct measurement of surface albedo. In newly forming ice,
the surface albedo will generally have a direct correlation
with thickness. In Figure 1, the reflectometer transition at
point A from a homogeneous lower return to a higher response
with increased variation is shown on the photograph as a newly
ridged zone from A to B. The signal change at point C is not
as great or distinctive as at point D because the newly form-
ing ice evident in the photograph increases the albedo and is
starting to blend the signal to surrounding features. The
distinction at the lead boundaries (pocints C and D) allow for
the fine resolution of this procedure. Point E shows the
signal response across a ridge; the great variation in surface
reflectivity due to roughness may 1lead to another future
method of discerning ice types with an optical system. These
data plots are scaled according to the aircraft navigation
logs, and the width and frequency of these areas are catalog-
ed for analysis (Appendix B). Computer programs were written
at NORDA for this 1investigation to automatically identify
areas of open water/thin ice in the reflectometer signal but
the methods proved inadequate or unworkable, Holyer et al.
(1977) discusses some problems of automatic data analysis with
the laser signal. These, along with a "relative" rather than
"calibrated" signal, complicates the procedure; therefore,
more effort will be reguired in the future to generate a
reliable, totally automated procedure.

STATISTICAL PROCEDURE

The raw data from the reflectometer signal yields the
frequency and width of areas of open water/thin ice along the
aircraft track. A Wilcoxson's Sum of Ranks Test was then used
to determine the level of significance between and within the
data sets. This statistical test was used because it allows
nonparametric comparison of two populations based on indepen-
dent random samples and is insensitive to the dispersion of
measurements in the sample. It is also free of the invalid
assumptions of normality. Testing for a null hypothesis (Hg)
of no difference between the samples with the alternative
(H1) realizing a difference to a measurable level, a proba-
bility (P) > 5% is interpreted as no significant difference
beiny proven by this test, P = 5% or less is regarded prubably
significant, and P = 1% or less statistically significant.
Original data rather than the "class interval" data shown in
Appendix B was used to eliminate tied ranks that tend to
weaken the power of this test. A detailed description of the
test can be found in Langley (1970). The statistical test was
run on the data sets using a HP9845B (tabletop computer). A
listing of the program written at NORDA for this investigation
can be found in Appendix A. Appendix D shows a sample printout
from this program.
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Figure 1. Relative change in response of reflectometer signal as a lead /s crossed
showing the direct relation of signal intensity to surface albedo




The data sets were separated into consecutive 5 minute
segments to determine levels of significance within regions
and were combined geographically to test significance between
regions.

RESULTS

The ice conditions described in the following regional
summaries are sometimes referred to as "minimum” or "maximum",
which designates the extent of southern growth and accumula-
rion with no r2gjard to ice type distribution. Therefore, at
maximum conditions the ice is generally thinner in the first
100 miles from the ice edge due to its recent formation and
thicker Jduring minimum extent due to the higher percentage of
multi-year ice contained in the boundary zone. The followiny
summmaries are related to the divisions shown in Figure 2. The
laser/reflectometer data was collected on an opportunity ba-
sis; therefore, seasonal comparisons are limited. The dates of
data collection ar2 included with the histograms in 3Appendix C
and will be seasonally correlated with future data.

LINCOLN 3EA

Approximately 380 km of reflectometer data was collected
in the Lincoln Sea on 6 November 1970 (Fig. 2, track line 5).
The data was analyzed in 14 consecutive 5-minute segments
(approximately 27 km per segment) originating 160 km from the
ice edge. Ninaty-one 2~digit combinations exist with 14 data
sets but only 86 combinations were tested because five combi-
nations did not combine to form at least 10 elements, which is
required for the test.

Th= first segment analyzed (sejment farthest from ice
edge) was one of two segments found to be significantly dif-
ferent from others in this rejion. The probabilities that the
data from this segment came from the same population as the
other segments in this ra2gions were: <0.2% for two segments,
0.2-1% for two segments, 1-5% for 4 segments, 5-10% for two
segments, and >10% for two segments. This shows that for this
data set a change in lead frequency and width characteristics
occur about 100 miles from the ice edge. Four of the five
segments of no significant difference (P > 5%) for this seg-
ment occur 50-90 km from the ice edge, which identifies a
within-region variation separale £from the total population.
Segment 10, approximately 40 km from the ice edge showed a
probable significant difference from two segments (P = 1-5%)
and statistically significant dJdifference (P < 1%) for two
other segments with no apparent relationship to pack
penetration,

In summary, 74 of the 86 pairs of data sets compared
showed no significant difference with respect to lead width
and frequency. The first 100 miles from the ice edge is a
relatively homogeneous zone with a significant boundary
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occurring beyond this distance. There is also no apparent re-
lationship between the percentage of open water witn distance
from the ice edge as shown in Appendix B. Tne region nad an
overall open water coverage of 3.78%.

NORTH SLOPE REGION

The North Slope region contains the Beautort and Chukcni
Seas and is one of the most studied as well as most strateylc
areas in the Arctic. Three track lines of reflectometer data
were analyzed as shown in Figure 2. Track 2 was flown 13 No-
vember 1970, perpendicular to the ice edge 150 km. Each of the
five data segments were compared with each of the other sey-
ments (total of 10 comparisons), and only one pair snowed
statistical difference, This pair was the first and last
segment of the track. Possibly a subtle change 1is occurring
with each segment as the pack is penetrated, and it reguires
100 miles of separation before the difference can be statisti-
cally observed. This track line crossed the 1ce edge (first
seginent), which is an unstable area and had 10.99% open water
compared to the lowest segment of 1.11% water. The first
segment beyond the 160 km limit of this investigation was also
statisticaliy different from the segment contalning the 1ice
edge and had 5.32% open water. Therefore, a general statement
that percentage of open water decreases with distance from 1ice
edje is not valid in this population.

The second track line was flown 13 May 1971, parallel to
the coast of Banks Island 130 km from shore for a daistance ot
86 km (Fig. 2, Track 4). This area 1is one of the rougnest
areas in the Arctic due to ice movement in the Beaufort Gyre,
The area had mostly small fractures (15-90 m), and the data
segments averaged only 2.74% open water witn no significant
difference found between any segment comparisons.

The third track line collected data off the Nortn vlope
of Alaska during maximum ice conaitions (24 April 1974). TInis
track line paralleled the Coast from 145° to 156°N longitude
a% both 65 and 93 km (Fig. 2, Track 3). Tne individual aqata
segments are not contained in Appendix B because no wate!
openings ~15 m were found. A few small cracks (5-10 m) a.-
peared occasionally in the data with no apparent pattern. Tnc
lack of open water in this data set is a result of a jeneral
southward drift of sea ice under the influence of tne pre-
vailing northerly winds present in the Beaufort 35ea during
this time of year. The only persistent open water 1in tnis
region during maximum ice conditions determined from satellite
imagery is off the south-facing coast east of Point Hope.

Wadhams and Horne (1980) analyzed submarine sonar data
collected in April 1976 in the same area as track 3. In tneir
study, a lead was defined as a continuous sequence of dept.
points in which no point exceeds 1 m in draft. Their resulrs




showed that 98% of the leads were <50 m cross-track and, if a
submarine requires a 200 m lead for a safe surfacing, it would
have to travel 68 km to find one.

BERING SEA

Reflectometer data in this region was collected on 9 Feb-
ruary 1976 (Fig. 2, Track 1). Beginning 160 km from the ice
edge, six 5-minute consecutive segments were obtained perpen-
dicular to the ice edge followed by seven parallel segments 70
xm from the ice edge. There were great variations in lead
distributions between segments ranging from 0.35 to 5.34% open
water (Appendix B) with no obvious relationship to distance
from the ice edge. With 13 data sets, 78 comparisons are pos-
sible, but five segment pairs contained less than the reguired
10 elements; therefore, only 73 significance determinations
were made. Sixty-seven of these comparisons showed no signifi-
cant difference (P > 10%). There was a probable significance
level (P = 1-5%) between segment pairs (1 and 12, 3 and 4,
3 and 12, 4 and 6, 4 and 13) and a statistically significant
difference (P < 1) between segments 1 and 4.

This rejion is composed of mostly first-season ice, and
due to ocean swell, great fluctuations in percentages of open
water can occur rapidly. Wind from the pack will scatter the
floes as an opposite wind will compact the area.

£AST GREENLAND REGION

The East Greenland region includes the Greenland Sea and
Denmark Strait. The East Greenland drift stream represents the
major efflux zone of water, ice and heat outward from the
central polar pack ice regions. This region is often termed a
dynamic "Ice Factory"” because it is subject to nearly instan-
taneous response to wide variations in wind speed and direc-
tion. Great quantities of new, first-year, and sometimes
multi-year ice are advected into the warin waters. In mid-
winter months (December-March, inclusive) thousands of square
miles of new ice are continually forming.

The reflectometer data collected in this region was {]
gathered during adverse weather conditions with respect to the
system potential. Therefore, a direct count of open water 1
arecas could not be obtained with confidence. Figure 3 shows
the percentage of ice concentration alony the marginal ice
zone with respect to latitude for average minimum and maximumn
conditions., The figure was constructed from data available
from the Navy-NOAA Joint Ice Center, Navy Polar Oceanography
Center, Suitland, Md., in their "Analysis of Eastern Ice
Limit," 1973 through 1980.
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Figure 3. Change in percentage of ice concentration with latitude
in the East Greenland Region during average minimum
and average maximum conditions

Minimum conditions occur in the second/third week 1in
September. During this time the ice 1limit has retreated to
approximately 71°N latitude, during which severe conditions
can leave a narrow band of very low ice concentration along
the coast to 64°. From the southernmost edge of the ice limit
in the Greenland Sea to North Spitzbergen (approximately
80°N), the data showed a linear decrease in the percentage of
open water with latitude (Fig. 3).

At maximum ice extent in late April/early May, the ice
limit along the east coast of Greenland extends beyond the
southern tip due to the cold east Greenland current. Data
analysis shows a high concentration of thin first year ice
{approximately 70-80%) from 59°N to 64°. The concentration in
this area can change dramatically over a short period of time,
particularly if the sea swell breaks the ice and prevailing
southerly winds and currents transport it away from the coast.
A lower ice concentration (60~70%) is encountered from 64°N to
72°N due in part to the physical changes along the Greenland
coast and the geographic position of Tceland. From 75° to 80°N
a linear increase of 1ice concentration is displayed with a
similar rate of change for that area during minimum conditions
but with an average 15% higher concentration.




WEST GREENLAND REGION

The West Greenland Region includes Baffin Bay, Davis !
Strait, and the Labrador Sea. This region parallels the East
Greenland Region in that it is virtually ice free in the late
summer months with high concentrations of thin ice after
freeze-up.

Analysis of 1ice edge movement in Baffin Bay from 1973
through 1980 shows that minimum conditions occur, on the aver-
age, during the first two weeks in September. Davis Strait and
Baffin Bay become ice free with occasional bergs entering via
Kennedy Channel or Uancaster Sound. Following exceptionally
cold winters or during exceptionally cool summers low ice
concentrations will remain along the coast of South Ellesmere,
Devon, and North Baffin Island. i

Maximum ice extent occurs during the last two weeks 1in
April. Due to coriolis, wind, and the cold Labrador current,
ice growth proceeds along the western coastline of this region
to a southern extent of 45°N latitude. The ice near the south-
ern limit (approximately 45°-50°N) is generally less than 30
cm thick with a rapid increase in concentration with latitude
as shown in Fig. 4.
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Figure 4. Change in percentage of ice concentration with lotitude
in the West Greenland Region during maximum conditions

From 50° to the northern extent of the ice limit at maximum
conditions (approximately 67°) the rate of increase of the ice
concentration from the edge to 100 miles into the pack decrea-
ses as the average thickness increases ranging from 30 to 120
cm,




CONCLUSION

The use of reflectometer signal analysis for open water
identification in Arctic sea ice has proven successful. Its
future use regarding ice type idertification with respect to
roughness shows great potential as s'iown in Figure 1.

The freguency and percentage of open water and thin ice
areas of individual data sets and geographic regions are list-
ed in Appendix B. The instability of the “cctic pack, particu-
larly in late summer months, can lead to great variations of
ice conditions over short time periods and distances as shown
in the data. The thinner first-year ice of the Bering Sea
showed no obvious relation between distance from the ice edge
and lead characteristics with an overall first-year ice
concentration greater than 98%.

Within the limits of this study (ice edge to 160 km), the
Lincoln Sea and North Slope regions also displayed no apparent
relation of open water percentages to distance from ice edge
with 1ice concentrations dgreater than 95%. However, both
regions statistically yielded significantly different 1lead
characteristics in data sets just beyond the 160 km limit.
This may indicate a transition from the marginal ice zone to
central pack ice with respect to open water/thin ice and
required further investigation.
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Appendix A. Listing of Wilcoxson Sum of Ranks program

written by A. W. Lohanick, NORDA Code 332




APPENDIX A

10 t THIS PROGRRMN PEFFLFN *ONILCDIO0N % SUM OF FRMHES TEST
* PRACTICAL STATIETIC ] ELL LRANGLEY pp.! 169, I

20 REAL N1:1:500)>,%2¢ 1 C1I1OoR0,Flagle 1500 Flaga 1%

30 INTEGER P,Comb_file Ircdec Ha, NE, Nr  F

49 DIM T$. 1010002011, Tagz! SO (1), TaglF 1500 01,980 30)

50 PRINTER 15 @

60 ! L iicesiecanssonss DATA STRTEMENTS [ ......... [

70 V¢ MARM END OF EACH DATH SET WITH 39%3

890 ! EXAMFLE: DARTA "01",3,9,&,¢,1,999%

39 ¢

108 ! L .iisreceeaes INFUT DATA FFOM DATA STARTEMENTS ......., .

110 ¢

120 FOR Time=1 TO 2

130 IF Time=1 THEN FERD Fearonld

149 IF Time=2 THEN FEARD Fegronld

150 FOR R=1 T4 Su0

158 1IF Tine THER Zecond_time

179 READ

180 Tagis TR

199 GOTo

2080 Iscond_time:

210

220 IF «Time=1"+ ANWD . cTame=Z - FHD V2R

230 NEST A

240 0°F3)

25@ IF Time=1 THEMN File_zize_1=A-1

280 IF Time=2 THEH Frle_:zrzs_2=A-|

278 NEXT Time

280 Comb_frle_zi1zé=File_srze_Il+Frle _zr12e &

290 ' i iieenanases COMEINE FILES tiveeiiininennetenerorananna,

34 FOR N=1 TO Comb_$11e_sz12s

310 IF N<=Faile size_1 THEH ot =<10N

30 IF MN<=File_size_1 THEW Ts-H =2Tagls H.

33Q IF M. Frls_size_1 THEM locHo=lZoN-Fale _s1ze_ 1

340 IF H File_svzs_1 THEN T8 M =Tagl$ N-File_size

35a NE!'T N

36D 1 s SOFT COMEINED FILE ....... e e .

370 IF 0%$="H" THEH Incdec=1

3ge IF 0%="D" THEHN Incg

330 CRLL Vectorsory g iz eb, Tice 1,00

483 ! ... .ciicieeueens BEGIN RANYNING L.

419 Rank_value=1

420 FOR P22 TO Comb_¥1le_srze

430 IF KeePr Mo P-1 THEH Ho_the

440 Tiel! -

450 T=1

450 FOF Q=P Td Cowb_¥frle_zvae

470 IF o Ce=Toun=1 0 THEH T=Tet 4.,

489 1F Xy grm=1 s THEN Qut

439 NE:T 0

$39 Que!

510 Sun=0

Sze FOR F=} TO T

S30 Sum=Tun+Fant _catus

540 Rant _c3lue=FRand xlus+d

350 ME.:T P

S€0 FOF 5=P-1 TQ F¢T-2

370 Fanb ' S=Sun T

380 NE:.T <

330 P=F+T-1{

€90 COTO Chexd For_end

€1€ No_tres!

620 Fant ' F-1Y2FRart _catue

€30 Fiﬁb_“i‘uiapinr;“i‘ul’l

640 Chieck Yor endi!

650 - IF P Comb_fi1le_zrze THEN He t_p

€60 Rard  F-zRant _—alue

679 GUTO KRezulrs

689 MHoat p: HET P

690 ! . ..iieeenenan. OQUTFUT FEINLTS A

780 Rasulra,

710 ' PRINT Regroni$,Regroncs

720 PRINT "R = “iRegrunl8,"F = "{Fegionls

730 FOR m=1 YO &9

749 IF R=t THER FEINT LRPE: 130

A4S DESCRIBED IN
VEF PUE.
09, Rank (111608"

EELEER

THEN Of ¢

.
|
.« . CEES NS DY 1‘
3
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sNCUR TR Rank «R Rardk R

DD.D" o R, TECA  Fank (AL Rant A

JUC R, TSR Fank Ry Rant A

DD D" i R, T RY, Rard i/ Fank o A

880 Total_baTotal _beFant 'R
8990 Nr.t_a: NEXT A

9080 FRINT CHP$ 132

913 FOR A=1 TO 80O

929 PRINT USING "#,8";" "

930 HENT A

949 FRINT CHR$C128.

359 PRINT USING ooon, =

N
1ze_f," from A " File_s1ze 2, ¢rom Br o Toral:zl"
960 2 value:

9?0 HasFi1le s12¢ |}

986 NEaFile zize 2

990 R=MmIn Torgl a,Tatal b

10090 IF HOT «cNa-ad« OF (HEp Za:: THEN Table_lochup
101a IF Total_a.=Tarsl b THEN Hr=Ha

1029 IF Jotal b = al_a THEH Hr=ND

1030 T He e HatHEL mleF T SOR HasHbie HatNbeld 3D
1040 IF ABS(2/ 23,09 THEN ifa".0.2%"

10%9 IF «ABT 2 (=2,.06% AND .2,

1926 1F «AB>. 2 . =2.%%L ANL 1. 398
1o~ IF (AES Z..=1.%5 AHL -

1020 1F RES(Z =1.nd4 THEN g .

1830 PEINT wsing "4A, 2, DDD.DDD 32 = 2

1100 GOTQ Pramt 2

1110 Table loolup:“

1120 TCAHLL Table Ha, b R, 88

1130 Prant g3

ulation 15 "85

11590 PRINT LItz
$120 IHD

1170 SUB Tabt e INTEGER tg, Hb, F, 28
1180 DATA 2,8,4,3,0,90
1190 DRATA 2,9,4,3%,0,0
1200 DRTR 2,10,4,3,8,9
1210 DATA 2,18,4,3,0,0
1220 DATH 2,12,5,4,@,9
1230 DRTA 2,13,5,4,8,0
1240 DRTR 2,14,6,4,0,0
125@Q DRTR 2,15,€,4,0,0
1260 DATA 2,16,45,4,9,0
1279 DATR 2,17,6,5,0,0
1280 DATA 2,18,7,%,0,9
1299 DATAR 2,19,7,%5,3,0
1300 DATH 2,29,7,%,3,9
1310 DATA 2,%5,7.,6,@,0
1320 DATR 3,6,8,7,0,0
1330 PRTR 3,7.8,7,0,9
1340 pATA 3,8,9,8,0,0
1350 DATA 3,9,19,8,6.0
1360 DATA 3,10,19,9,5,0
1370 DATA 3,11,11,9,6,9
1380 DATA 3,12,11,10,7.0@
1390 DATA 3,13,12,10,7,@
1400 DATA 3,14,13,11,7,@
1410 pATA 3,15,13,11,8,0
1420 DATR 3,16,14,12,8,0
1430 DATA 3,17,15,12,3,%
1440 DATA 3,18,1%,13,8,¢

1450 prTR 3,19,16,13,9,¢

1140 FRINT LML " Probrabr b1t that Loy zamples < ame

?%0 PRINT USING "#,R";" "

760 1F A=6Y THEN PRINT CHRS$(128)»

7?%0 NEXT R

780 PRINT *| Data - alues | Tally | Rark values | A ranks | B r
anks |*

790 FOR A31 TO Comb_f1le_z1ze

800 {F T$«A ="B” THEN B

810 IF FRACT(Rank « N =@ THEN PRINT USING "4%,DDDD, 125, A, 11%,DDDD, 13X,DDDD"

8zv0 1F FRACT Rank A O THEN FRINT 0:lng "40,0DDD,1200,R, 11N, DDDD.D, 11X, DD

830 Total_a=Total _aeRant A

840 GOTO He .t _a

%0 B

8el IF FRACT Fank (A 33 THEN FRINT UltG "43, D000, 12N, R, 11, DDDD, 24X, DDDD"

8T IF FRATT Rank A - @ THEN FRINT USIng 47, bDDD, 12%,R, 115, DDDD. D, 22X, DD

Sy BODD, TR, AN, DDEDD. DD, 23X . DDIDD. DD ;File_s
,Total_a,fov;l_b

SEY THEN S¥="be neen .2°% and 1.7
45 THEH S¥="be ueen 1% and S°.°
LS54y THEN $S$="°5', bur .t1O%"

from same pog




1450
1470
1480
1450
150u
1510
1520
1530
1540
1559
15¢€0
1579
1589
1598
1689
1519
1620
1639
1640
1658
1660
1670
1680
1899
1700
1710
1720
1730
1748
1759
17c0
1770
1730
1796
1800
1810
1820
1830
1840
1850
1860
1870
18890
1890
1980
1910
1920
1930
1948
1950
19¢9
1970
1980
1990
2000
2018
2020
2030
2040
2050
2069
2070
20:¢0
2030
2100
2119
2120
21390
2140
2150
21¢€Q
2170
a1z
2199
2209
221¢
eoL@
2239

DRTH 3,20,17,14,3,¢
DATA 4,5.12.11.8,0
DRTR 4,6,13,12,18,
DATA 4,7,14,13,190, 0
DATA 4,8,15 ,x4 11,0
DATA 4,9,16,14,11,0
DATH 4,10,17,15,12,10
DATA 4,11,18,16,12,10
DHTR 4,12,1%,17,1%,10
DATA 4,13,20,18,13,11
DATAH 4,14,21,19,14,11¢
DRYA 4,15,22,20,15,11¢
DRTR 4,16,24,21,15,1&
DBATA 4,17,25,21,16.12
DATA 4,18,2€,22,16,13
DATA 4,19,27,23,17,15
DRATA 4,20,28,24,18,13
DRATAR %5,5,19,17,15,0
DATR %,6,:0,15,16,0
DATA 5,7,2t,20,10,0
DATH S.“,—a.-l.l(.lS
DATA S,9,24,2

DATA 5,19, 26,

DATH S,11,27,&

BATR S,12,238

DATA S, 13,30

DRTA S,14,31,2

DATR 9,15, 33,29

DATA 5,16,34, 2

DRTR S,17,35,2

DATA 5,18,37,3

DATH S,19,38,3

DATA S,20,40, 3

DATAR &,%,23,2&

DATA 6.7,29,27

DRTA ©,3.3t,2

DATA £,9,33,3

DRTH &,10, 395

DATR &,11,37

DATA €,12, 33

DATA %,13,439

DATR o,14,42, 38

DATR €,15,44,40

DATA €,16,46,42,

DATR 6,17,47,43 3
DATA &,18,49,45

DATR €,19, 51,46,38
DATA €,20,53,48,

DATA 7,7,39,36, 32,27
DRTA 7,8,41, 33, 34, 31
DATR 7,9,43,40, .5,
DATA 7,180,455 ,42, 37
DRTA 7,.11,47,44,

DRTH T, 18,493,485, 440,
DATR T, 13,52,48,41,
DATR ,,14,54 S0, 4
DRTA ©,195,5+, ._.44.3:
DRATA .,1:.50,J4 35, 39
PATH 7,17,61,%6,47,41
DATA T,18,n2,92,43, 4;
DRTR ?,1%,695, nu Sir, 43
DRTH

DATH

DATH

DRTH 8,10.56.53,47.42
DATH &,11,5%,55,43,44
DATR 3 12,62,%2,51,49%
DRTH o.l? 64,50,53,47
DRTA 8,14,67,£2,%4,42
DRTH 8 15 69 59, So._O
DRTH 5

DATH

DATH

DATA

DATA

DATH

DRTH

DPATA

16




P o DTy ™

2290
254
22€9
2eT0
.80
2:90
2308
231@
2320
2330
2340
23%0
23¢0
2370
23890
2399
2400
2410
2420
2430
24486
2450
2450
2479
2480
2439
2500
251¢
2529
2530
2549
255@
2550
25T
2539
2594
2640
2é1i@
2620
2630
2640
2654
26¢e0
2670
2630
26%90
2700
27109
27z
2730
2740
2750
2760
277

278Q
2790
2800
2816
2820
2830
2840
285¢
28649
2870
2381
2899
2990
2910
2929
2930
2940
29%0
2960
297a
2920
2999
3000
3010

DATR
DATH
DATR
DATRA
DRTR
DATH
DATA
LHTH
DATRA
DRYA
DATR
DATH
DAHTA
DATA
DRATR
DRTH
DATH
DATH
DATR
DATA
DATH
DATA
DATA
DARTA
DATA
DATH
BATH
DATH
DATA
DATA
DATH
DRATA
DATR
DATA
DATH
DATA
DATA
DATH
DRTR
LARTR
DATA
DATA
DATH
DATA
DATH
DATA
DATH
DATA
DATA
DATR
DRTRA
DATH
DATA
DATH
DATRA
DATA
DATAH
DATR
DRTA
DATRA
DATA
DRTR
DRTH
DARTA
DATH
DATA
DATAH
DATA
DATA
DATR
DATA
DRATAR
DATA
DATA
DATA

9,12,7%,71,65,57
$,13,78,73,865,53
9,14,81,76,67,¢c8
9 1%,34,79,69,62
V16,887,828, 7a, 64
9 17,90,3
9,18,92,87 5
9,19, 90,‘0.!&.70
9.20.99.93.61.
10,10,82.78,71.%%
10,11,86,51,73,67
19,15,8%,84,7 :
18,13,92,88,79,
16,14,96,91,81, 74
19,15,9%. 34 64.‘0
10,160,102

3
S

10.1.,10&,100 sd
19,18,110,103 a2
10,19,113,107, 24,34
18,20, 11‘.110.3 -h
ll,ll,lBU.Qb &7, %1
,12,104,99,90,5%

11,13 168,103, 92,80
11,14, ll-.le,“b.S«
11,115,116, 110,393,350
11.16.120.113,182.93
11,17,123%,117,105,3%
11,13.1;7.121.103,a5
11,19,131,124, 111,100
11,290,139, 125,114,103
12,12,129,1195, 105,
12,13,129,119,10%, 1401
&9 .l’ 11e,1a3
L 17,115,104
12,16,138.131.119,109
12,17, 142,135,122,112
12,18, 146,139, 129,115
12,119,158, 143,129,113
12,20,155,147,l32,126
l3,13,l42,136,1¢- 17
13,14,147,141, 1 29
13,15,152,149, 33
13,18, ISG,I-U,R*E
13,17,161,154,148,1
13,13,165,198,144, 133
13,19,1T2,153,l48,1?6
13,20,179,1687,151,13
14,14, 166, 140, 147,137
14,19, 171.154,1.I.l4l
14,16,175,163, 155, 144
14, 1.,XH;,1 4,199,148
14,18,187,179,153

, 128
122
1o8

15,186, 197,190,175, 163
15,17,283,135, 150 -
15,18,202,280,
15,19,214,299,
15,208,229, 219,17
16,1¢,213, 2
16, .,‘gﬁ.élf
16,138,231,
15,19, :
1@._0,_4..234.
ll,lv,a 248,
17,18, 5.;4&.
I:.l?,Ze;,dS‘

>
.

18.19.26r.2
18,20,2°4,2 :
19,19, 213,303, <
19,49, 3;8.309,‘
20,20, 348, 3:...

FOR A=1 TO 182

RERD M1,N2,P1,FZ,P3.FI

IF NOT (uNzx=Nl' AND

17

oMY et - pUPN

rHas=HZ»

o aa

AND Nb=H1>: THEHN HNe-

NERTAE 0 O AP iy W e A =

o g E————




3599
35¢0
3570
3539
3530
3500
361
3620
3520
3640
3650
3650
3670
3620
3690
3700
3710

ven
373
3743
3avse
37€0
37T
37e0

[F f-F4 THEN 1§="
IF K =F4 HHEDE R F
IF ‘& =F1+ AHND K F
IF R =F2Z  AND -k F
IfF & =F1 THEN Zg="
SUKENTT
He t_at MNET A
“¥="Hot i tatile”
TUBEND
SUR Vecrorsort QuR e AE s - THTEGER
INTEGER Logtuwe
H=J1+1-11
Logtuo=INT LGT(Hy LGT 2 +f
CRLL OsgrtcRce AT e Lograan, 1,
SURELTTY

SUR Czort o Rmc e AR JTHTEGEF Laog, T1, T8

OPTION BRSE 1
JIM Letogr, Uty
n=1
1=11
J=31
Mart10IF I =5 THEH tie t3roup
itare2ir=]
IZ22IHT (Jel
T=r 1l
Ts=Agcla. -
IF Incdec=@ THEH DI

(S IF ALY =T THEN Lowmi1adiel
GOTO 33z0

EE S IF AcI =T THEN Lowmtiadled
AII2I=RT
ALl>=T
T=ACI2
A T2 v=R$. 1. '
Af Io=TS !

Ts=Rs 12> !
Lawnyddlel: L=1
IF Incdec=0 THEN D2
1e: IF Ao =T THE® Middlern
GOTO 3430
IF A Ty =T THEN Middlebn
AT He T

THEH S#="tetwesn .2, ang 14"

S0 THEN 3f="betuween 1% and 5%,
1+ THEN S obut < Lex”
o

Iy, 51, Incdec

Ty Incden

stack pointer,
Taver enayg "t
HRpEr €ndpoint,

VoDsterming the mrdpsant of a zegmeant.

Chech to zee 1f lower endpoint and
Vomadpoant are an order, 1f not,
Voswrteh them,

' Fezet midpaint,

ToZet upper gndpoant,

ah

b U Chechk to ozes af Che midpoint and
1 the upper endpoint are 10 ordsr,

ACT=T VI not, rwitch them.
T=R 12"
ASCI2Y=n8 T
A$LJs=T§ ! .
T$=rs 12 toroe s .
IF Incgec=0 THEH DZ
(32 IF ACl): =T THEN Mirdalezra gh
GOTQ 3%:a
133 IF ACT,»=T THEH Migdlebagn 0 Check 1o zse 1f "he switch left
I ' the lowsr endpoint and the mrd-
Vopoint an order,
tolf et zwitcoh them,
'
1)
[ E E
Mrdaiehaghl tDscrement the uppsr endpoint,
IF Incdec=9 THEN [4
(4: IF R«L /0T TREN Midalehsagh
GOTO 3€40
)L IF Ar L T THEH thidddshigh Volheck to o zee 1f Che new upper
Ti=A' L. ! endpntnt 13 rp order,
Tig=Re L« F . oo
Frapups b=kl VoI omot, zave the upper ervdpaaint and

IF Incdec=d THEW DS

(S IF Ak T THEHN Ztepup ) tecrsment the lower sndpoint. MHow

GITQ 3710

)S: IF A‘KDYLT THEH Stepup
IF k'L THEHN Faszed tochech af the lousr éndpoint 1 less
RuLr=Rct 1 tothan the madpoint If not, then switch
AkKH)=T{ ' the wpper and louwer endpinints.,
RF(LY=AS N 1., . .o e L
A$cko=T1$ ' . s : s

GOTO Middtehigh
edi IF L-To=J-F THEHN Zrarchigh
LeMr=1

Paz

' Sart the zhortest sagment firz:,
' Store the louer




3r90
3800
3810
3820
38320
3840
38%0
3860
3870
3580
3890
3500
3910
3920
3930
3940
3350
3960
3970
3980
3990
4009
4010
4820
4930
48490
4050
4B60
4079
4030
4090
4100
4110
4120
4130
4140

UHO =L
lak
HaMe]
GOTO 3870
torehyght LuM=K
UcMr=J
J=L
M=Mel
IF J-1.=11
IF 1=11 THEH
I=1-1
I=1e1
1IF 1=1 THEH H&
T=A: 1+t
T$=RF I+1 '
IF Incdec=0 TREN D&
IF Al =T THEH Inc
GOTO 39890
IF Rl >=T THEN
K=l
ACL+ I =Rk »
AF b +1=AFLRY
K=K-1
IF Incdec=9d THEN D7
IF T<ACKY THEH Cope
GOTO 40¢d
IF T Auk
Ack+1Y=T
AS K+l =TH 1
GOTO Inc
tgraups M=EM-t
IF M=g
=L
J=U
GOTO 3870
SUBEXIT

3tartl

[S3T4
tQroup

Ine

Vopys

THEH Cope:

He
THEH Dt

DIV

THEN Startl

! endpoints.
¢ Set the new lower endpoint.
! Push the stack

Store the upper

endpoints
Set the new upper endpoint.,
Push the stack

Itiorement lower endpoint,
It the current segment 13 sorted,
$0rt the next segment.

Check to see 1§ nest element 15 1n
Insert element 1n otherwiie sorted
This secti1on bumps the array up.

. .

Prepare to bump ne .t element,

Chech ta
1

1 ariértoion
Tnzert,

18 here.

ies

20, then

Faop the
Chech Eng Cconditiong,
Feztare the

Prec1ou: endpaints,

tack.

for

then

order.
Tist.




Appendix B. Data tables arranged in class intervals ; J
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Appendix C.

Regional and overall histograms showing lead

width and frequency distributions
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Appendix D. Example of HP-9845B printout fram Wilcoxson

Sum of Ranks program listed in Appendix A




APPENDIX D i
AR = Nor Slo Ba B = Nor Slo Ob
|
| Dats vwatues [ Tallu ] Fardk alues [ Ararbz T E rantz | |
63 A 1 1 ‘
72 b3 z 2
86 E 3 3
96 B 4.5 4.9
986 R 4.5 4.5
129 B & "
216 A v 7’
180 A S g
328 A 9 9
1Bed A 19 19
2?68 A 11 11
364 R 1 2
1392 A 13 13
1440 R 14 14
1728 B 15 15
41330 A 15 1e
11 from H, S from B Tatals=: 185,90 318,549

Probability that both samples came from z2ame population iz >10%

)

A = Nor 3o Ba B = Hor S)o Bb
] Data valuss | Tallw ] Farh walues [ A rankz [ B ranks [ ;
41384 H 1 1
1723 E 2 2
14409 A 3 3
1392 R 4 4
364 A S S
768 A [ &
324 H v 7
328 A o 8
4380 A 9 9
21€ A 16 1a
l2a E 11 1t
9% A 12,5 12.93
9& E 12.5 12.95
88 B 14
re"4 E 15 15
€3 A 15 1e
11 from A, S from B Totals: &1.50 S4.50

Probability that both samples cams from same population s >18%
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